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Development of a High-Throughput Screening Assay Based on 
the 3-Dimensional Pannus Model for Rheumatoid Arthritis
YVONNE IBOLD,1,2 SIMONE FRAUENSCHUH,1 CHRISTIAN KAPS,3 MICHAEL SITTINGER,2
JOCHEN RINGE,2 and PETER M. GOETZ1
The 3-dimensional (3-D) pannus model for rheumatoid arthritis (RA) is based on the interactive co-culture of cartilage and syn-
ovial fibroblasts (SFs). Besides the investigation of the pathogenesis of RA, it can be used to analyze the active profiles of
antirheumatic pharmaceuticals and other bioactive substances under in vitro conditions. For a potential application in the indus-
trial drug-screening process as a transitional step between 2-dimensional (2-D) cell-based assays and in vivo animal studies, the
pannus model was developed into an in vitro high-throughput screening (HTS) assay. Using the CyBi™-Disk workstation for par-
allel liquid handling, the main cell culture steps of cell seeding and cultivation were automated. Chondrocytes were isolated from
articular cartilage and seeded directly into 96-well microplates in high-density pellets to ensure formation of cartilage-specific
extracellular matrix (ECM). Cell seeding was performed automatically and manually to compare both processes regarding accu-
racy, reproducibility, consistency, and handling time. For automated cultivation of the chondrocyte pellet cultures, a sequential
program was developed using the CyBio Control software to minimize shear forces and handling time. After 14 days of cultiva-
tion, the pannus model was completed by coating the cartilage pellets with a layer of human SFs. The effects due to automation
in comparison to manual handling were analyzed by optical analysis of the pellets, histological and immunohistochemical stain-
ing, and real-time PCR. Automation of this in vitro model was successfully achieved and resulted in an improved quality of the
generated pannus cultures by enhancing the formation of cartilage-specific ECM. In addition, automated cell seeding and media
exchange increased the efficiency due to a reduction of labor intensity and handling time. (Journal of Biomolecular Screening
2007:956-965)
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INTRODUCTION
RHEUMATOID ARTHRITIS (RA) is a chronic, systemic autoim-mune disease that occurs in about 1% to 2% of the world
population, which makes it the most common form of inflamma-
tory arthritis.1 It is characterized by inflammation of the synovial
joints, hyperplastic growth of the synovium, and abnormal
immune responses. The synovial hyperplasia leads to formation of
the pannus tissue (Fig. 1), which is a unique feature of RA, distin-
guishing it from other arthritic conditions. The pannus tissue
results from infiltration with large numbers of inflammatory cells
and from an increase in the number of synovial fibroblasts (SFs),
which are believed to be key players in the pathogenesis of RA.2
The thickened pannus tissue shows an aggressive invasive behav-
ior, ultimately destroying the underlying cartilage and bone.1
Because the etiology of RA is still not completely understood
and the current medications are able only to alleviate the symp-
toms or slow down the progression of this disease, RA is a focus
for development of new cell-based drug discovery assays. The tra-
ditional 2-D cell culture systems offer standardized and easily
reproducible conditions for drug testing, but they lack the com-
plex network of cell-cell and cell-matrix interactions of the 
3-D in vivo environment. Monolayer cultures lead to morpholog-
ical changes often accompanied by the loss of tissue-specific gene
expression and dedifferentiation.3 Chondrocytes, for instance,
start to show a fibroblast-like morphology. The collagen synthe-
sis is switched from collagen type II, which is specific for articu-
lar cartilage, to collagen type I.4 Therefore, the significance of
2-D cell-based screening in predicting the clinical response to
new components is limited.5 These problems might be avoided by
the use of animal models, but this strategy comprises other disad-
vantages such as the lack of transferability from animal to human
organisms, high cost, and ethical issues.
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To avoid the limitations of 2-D monolayer cultures and animal
models, the interactive pannus model was established as a 3-D tis-
sue model for investigation of the pathogenesis of RA.6 It was
developed as an in vitro test system for the effect of antirheumatic
drugs and other bioactive substances and consists of a high-
density pellet culture of chondrocytes and cartilage-specific extra-
cellular matrix (ECM) that is coated with a layer of human SFs 
(Fig. 1). It has been reported that initial plating of chondrocytes
in high-density cultures resulted in the formation of a functional
cartilage-like tissue that showed similar responses to interleukin-
1β as native cartilage explants.7 Moreover, cultures that are
formed by pelleting chondrocytes followed by cultivation in cen-
trifuge tubes show similar features regarding cellular distribution,
matrix composition and density, and tissue ultrastructure compared
with native cartilage.8 Pellet cultures have been widely used to
study epiphyseal and growth plate chondrocyte differentiation
and cartilage hypertrophy.9-11 The detailed growth characteriza-
tion of high-density cartilage pellets in microplates and their use
in the interactive pannus model was previously reported by the
authors.12 Pellet-cultured chondrocytes form cartilage-specific
ECM by expression of proteoglycans and collagen type II.12,13
This 3-D ECM reflects the specific cellular environment of the
chondrocytes, allowing functional interactions between the cells
and their ECM. For co-cultivation, 2 SV40T antigen–transformed
human SF cell lines are available: 1) The hepatic sinusoidal
endothelium (HSE) cell line was derived from an RA patient and
shows an aggressive invasive behavior in vitro, whereas 2) the
K4IM cell line was established from a healthy donor and repre-
sents the noninvasive phenotype.14 Co-cultivation using these 2
cell lines reflects important aspects of arthritic and healthy condi-
tions and allows investigating the effect of pharmaceuticals and
other bioactive substances in drug screening. Recently, HSE and
K4IM SFs have been shown to be well suited for testing of fre-
quently used antirheumatic drugs such as methotrexate and pred-
nisolone. Genomewide gene expression profiling of SFs
demonstrated that HSE cells express RA-related genes and that
this expression profile is reverted or at least directed to normal by
treatment with antirheumatic drugs.15 For a potential application
of the pannus model in the drug-screening process as a transi-
tional step between 2-D cell-based assays and complex animal
testing, the main steps for generation of the pannus cultures such
as cell seeding and cultivation were automated. For this purpose,
the liquid-handling workstation CyBi™-Disk allowing parallel
handling in a 96-well format was used. Cell seeding and cultiva-
tion were performed automatically and manually to investigate
the effect of the automation process on the pannus cultures. The
automated cell-seeding process was analyzed for accuracy, repro-
ducibility, consistency, and saving in handling time. The quality
of the cultivated cartilage pellets after automated and manual cul-
tivation was studied by optical analysis, histology, immunohisto-
chemistry, and real-time PCR.
MATERIALS AND METHODS
Isolation of chondrocytes
Articular cartilage was harvested from the medial and lateral
condyle of the knee joints of femur bones of 6- to 10-month-old
porcine donors. The cartilage slices were diced and incubated in
a stirred spinner flask containing RPMI 1640 medium (Biochrom,
Berlin, Germany) supplemented with 10% fetal bovine serum
(FBS; Biochrom), 100 U/ml penicillin and 100 µg/ml strepto-
mycin (Biochrom), 500 U/ml collagenase II (Biochrom), 1.5
U/ml collagenase P (Roche, Basel, Switzerland), and 50 U/ml
hyaluronidase (Sigma, Taufkirchen, Germany). Following diges-
tion on a magnetic stirrer, the cell suspension was strained
through nylon mesh with a pore diameter of 100 µm (Becton
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FIG. 1. The 3-dimensional (3-D) in vitro pannus model. The most
characteristic feature of rheumatoid arthritis (RA) is the formation of an
invasive pannus tissue in the synovial joints. One of the key players in
pannus formation is the RA synovial fibroblasts (SFs), which show an
aggressive, invasive behavior. During pathogenesis, the pannus tissue
ultimately leads to erosion of the underlying cartilage and bone. For sim-
ulation of RA in the 3-D pannus model, chondrocytes are harvested from
the femoral condyle of healthy donors and cultivated as a high-density
pellet culture for 14 days in 96-well microplates to ensure formation of
cartilage-specific extracellular matrix. Afterward, the cartilage pellets are
coated with a layer of human RA SFs. As the synovial component the
rheumatoid HSE cell line is available. The co-culture is maintained for
another 7 or 14 days to allow interactions between the different cell types
and then can be used for medical drug screening.
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Dickinson, Heidelberg, Germany). The isolated cells were washed
twice in Hank’s salt solution (Biochrom), centrifuged, and resus-
pended in RPMI 1640 medium containing 10% FBS and 200 µM
L-ascorbic acid 2-phosphate (AsAP; Sigma).
Cell seeding
Manual and automated cell seeding were compared using a
suspension of primary chondrocytes. The concentration of iso-
lated and harvested chondrocytes was adjusted to 0.4 × 106
cells/ml in RPMI 1640 medium. For comparison of automated
and manual seeding, 200 µl of the cell suspension was placed into
each well of a 96-well tissue culture plate either automatically
with the CyBi™-Disk workstation (CyBio AG, Jena, Germany) or
manually using a multichannel pipette (8 channels). The number
of viable cells in each well was determined photometrically using
an MTS proliferation assay following the manufacturer’s instruc-
tions (Promega, Madison, WI). In brief, 40 µl of the MTS solu-
tion was added to a 200-µl cell suspension with the CyBi™-Disk
workstation for both seeding methods. The plates were incubated
for another 3 h in a humidified incubator. Subsequently, 100 µl of
the suspension was transferred into new microplates also using
the CyBi™-Disk workstation for both methods. The absorbance
was recorded at 492 nm against a reference wavelength of 620 nm
using an enzyme-linked immunosorbent assay 96-well microplate
reader (Anthos Labtec Instruments, Wals, Austria).
Preparation of pellet cultures
For formation of pellet cultures, 200 µl of a cell suspension
containing 3 × 106 chondrocytes per milliliter were placed into
each well of an uncoated, flat-bottom, 96-well tissue culture
plate (Becton Dickinson) using a multichannel pipette. Subse-
quently, the culture plates were transferred into a humidified
incubator to ensure sedimentation of the chondrocytes. The cul-
tures were maintained in RPMI 1640 containing 10% FBS and
200 µM AsAP. On the following 3 days, 100 µl of medium was
exchanged. During the remaining 10 days of pellet cultures,
200 µl was replaced with fresh medium every day. For com-
parison, the replacement of the medium was performed either
automatically with the CyBi™-Disk workstation or manually
using a multichannel pipette.
Preparation of interactive co-cultures
After 2 weeks of pellet culture, 200 µl of culture medium was
exchanged with 200 µl of cell suspension containing 0.3 × 106
cells/ml of 1 of 2 human cell lines: 1) SV40T antigen–transformed
SFs derived from an RA patient (HSE cell line) or 2) SV40T 
antigen–transformed SFs derived from a healthy donor (K4IM cell
line).14 Subsequently, the microplates were transferred into a
humidified incubator to ensure sedimentation of the SFs on top of
the chondrocyte pellets and formation of interactive co-cultures.
The co-cultures were maintained in complete RPMI 1640 medium
without AsAP. On the first day of co-cultivation, 150 µl was
replaced with fresh medium. During the remaining 13 days, 200 µl
was exchanged every day. Again, the media exchange was per-
formed either automatically with the CyBi™-Disk workstation or
manually using a multichannel pipette. Every day after media
exchange, the microplates were scanned in color with a resolution
of 600 dpi for optical analysis. For histological, immunohisto-
chemical, and gene expression analysis, pellet samples were taken
with tweezers.
Histological and immunohistochemical analysis
For investigation of cartilage matrix molecules, pellet 
samples were cut in half and embedded vertically in Tissue
Tek® O.C.T. Compound (Sakura, Zoeterwoude, Netherlands).
Cryosections that were 6 µm thick were mounted on aminoalkyl-
silane-coated slides. Proteoglycans were stained with Alcian blue
8GX (Roth, Karlsruhe, Germany) at pH 2.5 and counterstained
with nuclear fast red (DAKO, Hamburg, Germany). For immuno-
histochemistry of collagen type I and II, the cryosections were
incubated with polyclonal antihuman collagen type I and II anti-
bodies (Acris, Hiddenhausen, Germany). Subsequently, antibody
staining was detected using the EnVision™ System, Peroxidase
(AEC) Mouse Kit (DAKO) according to the manufacturer’s pro-
tocol. For distinguishing between porcine chondrocytes and
human SFs, the co-cultures were immunohistochemically ana-
lyzed for human leukocyte antigen (HLA) ABC class I antigen pre-
sentation on the human SF cell lines. Therefore, cryosections of
co-cultures were incubated with monoclonal mouse antihuman
HLA-ABC antibody (Acris). Subsequently, antibody staining was
detected using the EnVision™ HRP Mouse Kit (DAKO) according
to the manufacturer’s protocol. Finally, the sections were counter-
stained with hematoxylin (DAKO). Negative controls were simi-
larly stained by replacing the primary antibody with rabbit
immunoglobulin G (IgG).
Gene expression analysis
Total RNA from porcine pellet cultures was isolated as
described previously.16 Five micrograms of total RNA was tran-
scribed reversely after annealing of 0.5 µg oligo(dT) primer
(Invitrogen, Karlsruhe, Germany) and 200 U SuperScript™
reverse transcriptase in 10 µl.17 The relative expression level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
to normalize the gene expression in each sample. Real-time PCR
using the iCycler PCR System (BioRad, München, Germany)
was performed with 2 µl of the single-stranded complementary
DNA sample using the SYBR Green PCR Core Kit (Applied
Biosystems, Darmstadt, Germany). Relative quantification of car-
tilage marker gene expression (Table 1) was performed as
described previously18 and is given as a percentage of the expres-
sion of the GAPDH product. In addition, the relative expression
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was related to the relative expression of samples taken at day 1 of
the pellet culture.
RESULTS
Seeding of chondrocytes
For comparison of automated and manual cell seeding, a chon-
drocyte suspension was placed in 96-well microplate tissue cul-
ture plates using both methods. The number of viable cells per
well was determined using the MTS assay (Fig. 2). Automated
seeding led to a cell concentration of 0.055 × 106 ± 0.0041 × 106
cells/well (coefficient of variation [CV] = 7.5%), which relates
to 68.8% of the expected cell concentration. Manual seeding
resulted in a cell concentration of 0.062 × 106 ± 0.0044 × 106
cells/well (CV = 7.1%). This equals 77.5% of the expected cell
concentration. Therefore, compared with manual seeding, auto-
matic cell seeding in 96-well microplates resulted in a slightly
lower mean cell number and a higher CV and thus is less consis-
tent (Table 2).
The time needed for cell seeding was measured for both seed-
ing methods. Cell seeding using the CyBi™-Disk workstation took
2 min 32 s per plate, whereas manual seeding using the multi-
channel pipette took approximately 3 min 30 s per plate. Thus,
automated seeding saved 28% of the handling time. In addition,
the manual cell-seeding process comprised a higher intensity of
labor because of the permanent handling, whereas automated cell
seeding required only setting up the CyBi™-Disk workstation
with the 96-well microplates.
Cultivation of chondrocytes
Optical analysis. Optical scanning revealed that 18% of the
manually treated cultures detached from the bottom of the well
and could not be used for co-cultivation with synovial fibrob-
lasts (Fig. 3A). In comparison, automatically cultivated pellets
did not detach from the wells (Fig. 3B). Furthermore, automa-
tion of media exchange allowed a flow of 2.3 µl/s, whereas
manual handling could be performed with a minimum flow of
only 10 µl/s. Manual pipetting was also nonuniform because of
differences between individuals.
Histological and immunohistochemical examination of the
pellet cultures. Cryosections of chondrocyte pellets were stained
with Alcian blue for proteoglycans and with specific antibodies
for collagen type I and II. Figure 4 presents the staining of pro-
teoglycans, collagen type I, and collagen type II after 14 days of
manual and automated cultivation in comparison. Both cultivation
methods led to a strong secretion of proteoglycans (Fig. 4A, E)
and the cartilage-specific collagen type II (Fig. 4B, F), indicating
the formation of cartilage-like ECM. Nevertheless, the dediffer-
entiation marker collagen type I (Fig. 4C, G) was also evident
although to a lesser extent. However, manual media exchange led
to a stronger collagen type I expression in the pellet margins. The
negative IgG controls revealed no staining of the pellets (Fig. 4D,
H). For formation of interactive co-cultures, the 14-day-old pellet
cultures were coated with the human HSE (Fig. 5A-C) and K4IM
(Fig 5D-F) cell lines by sedimentation. The cartilage ECM was
detected by Alcian blue staining for proteoglycans, whereas the
cell nuclei of chondrocytes and SFs were counterstained with
nuclear fast red (Fig. 5A, D). The presence of human SFs was
verified by staining of HLA-ABC, which is specific for human
nucleated cells (Fig. 5B, E). Both cell lines showed adherence to
the chondrocyte pellets. Normal donor-derived K4IM cells
formed a smooth layer covering the pellets, whereas HSE cells
derived from RA patients showed rather thick and irregular mul-
tilayers and seemed to invade the cartilage pellets in some areas.
The corresponding IgG-negative controls remained unstained
(Fig. 5C, F).
Real-time PCR. To analyze the differentiation level of the
chondrocyte pellet cultures during automated and manual cul-
tivation, the gene expression of cartilage matrix proteins was
determined by performing a real-time PCR. After normaliza-
tion with expression level of the housekeeping gene GAPDH,
all values were related to the gene expression level of day 1.
Thus, plotting the gene expression level over the cultivation
time shows the development in relation to the start of the cul-
ture comparing automated and manual media exchange (Fig.
6). In general, automated and manual cultivation revealed a
qualitatively similar regulation of the ECM genes within 14
days of pellet culture. Although collagen type I expression was
increased during the cultivation (Fig. 6A), the expression of the
main cartilage marker collagen type II (Fig. 6B) showed an
increase only during the first 3 days of cultivation, followed by
downregulation until day 10. Although downregulation contin-
ued in manually treated cultures, automatically handled cul-
tures revealed upregulation of collagen type II expression from
day 10 to day 14, finally leading to a 3-fold higher expression
Table 1. Oligonucleotide Sequences of Chondrogenic
Marker Genes
Product 
Gene Oligonucleotides (5′ → 3′) Size, bp
Aggrecan CCA GAA TCT AGC AGG GAG TCA TC 118
AGG CAG AGG TGG CTT CAG TC
Collagen CGA TGG CTG CAC GAG TCA CAC 180
type I CAG GTT GGG ATG GAG GGA GTT TAC
Collagen CCG GGC AGA GGG CAA TAG CAG GTT 128
type II CAA TGA TGG GGA GGC GTG AG
COMP GGG TGG CCG CCT GGG GGT CTT 116
CTT GCC GCA GCT GAT GGG TCT C
GAPDH AGG GGC TCT CCA GAA CAT CAT 117
TTG GCA GTA GGG ACA CGG AAG G
bp, base pairs; COMP, cartilage oligomeric matrix protein; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase.
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level compared with manual handling. Although manual cultiva-
tion kept aggrecan expression (Fig. 6C) on a higher level within
the first week, it was downregulated much more strongly in
manually handled cultures in the second week of culture. Thus,
after 2 weeks, automated media exchange led to a 2-fold higher
expression level of aggrecan. Automated cultivation also led to a
downregulation of cartilage oligomeric matrix protein (COMP;
Fig. 6D) during 2 weeks of cultivation, whereas manually treated
FIG. 2. Comparison of automated (A) and manual (B) seeding of chondrocytes. After seeding with both methods, the number of viable chon-
drocyte cells number was determined in every well of a 96-well microplate using the MTS assay.
Table 2. Summary of the General Differences between Automated Handling and Manual 
Handling of the 3-Dimensional Pannus Model in a 96-Well Format
Characteristics of Automated Handling 
Automated Handling Manual Handling Compared with Manual Handling
Cell seeding
Accuracy
Volume/well –1.9%a +0.4%a Lower accuracy, optimization of automated 
pipetting volume necessary
Cell number/well 68.8% 77.5%
Reproducibility
SD 0.0041 × 106 cells/well 0.0044 × 106 cells/well Higher reproducibility
Consistency
Coefficient of variation 7.5% 7.1% Lower consistency
Handling time
Pipetting time/plate 2 min 32 s 3 min 30 s 28% time saving
Cultivation
Pellet ECM
Cell distribution and morphology Homogenous distribution Homogenous distribution No significant differences
of round chondrocytes of round chondrocytes
ECM composition Homogenous, containing Homogenous, containing
collagen type I and II collagen type I and II 
and proteoglycans and proteoglycans
Differentiation level
Cartilage marker genes Collagen type I and II, Collagen type I and II, Except for COMP, 2 to 3 times higher 
aggrecan, COMP aggrecan, COMP expression level after 14 days
Shear forces
Pipetting time/well 1 min 27 s 20 s Reduction of shear forces and failure rate
Flow velocity 2.3 µl/s 10 µl/s
Failure rate 0% 18%
Handling time
Pipetting time/plate 7 min 40 s 9 min 15% time saving
a. Data not shown.
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cultures showed an increase of COMP expression level within
the first 3 days. Nevertheless, continued manual cultivation also
resulted in downregulation of COMP until day 14. Thus, after
2 weeks of cultivation, both methods resulted in a similar level
of COMP expression.
Table 2 summarizes the differences between manual and auto-
mated processing of the 3-D pannus cultures regarding cell seed-
ing and cultivation. As important quality criteria for comparison of
manual and automated seeding, the accuracy, reproducibility, con-
sistency, and handling time have to be considered. The cultivation
process is evaluated by means of analysis of cartilage-specific
ECM formation in the pellet cultures, the differentiation level of
the chondrocytes, the shear forces, and, again, the handling time.
DISCUSSION
The 3-D pannus model for RA has already been studied for its
functionality, and it has been shown that the process of cartilage
destruction can be demonstrated with this in vitro model.6,12,19 For
this purpose, primary chondrocytes have been cultivated in high-
density cartilage pellets and then co-cultivated with human RA-
SFs. These activated RA-SFs are believed to play a major role in
the destruction of joint cartilage during the pathogenesis of
RA.2,20 For a future application of the 3-D pannus model as an in
vitro test system for antirheumatic pharmaceuticals in the drug-
screening process, the whole culture process including cell seed-
ing and cultivation was automated.
Automated cell seeding
Primary chondrocytes were isolated from the cartilage of
porcine femur bones. The use of porcine material did not influ-
ence the functionality of this test system because the structure 
of porcine and human articular cartilage is considered to be
very similar.21 Seeding of the freshly isolated chondrocytes was
performed automatically and manually to compare these methods
FIG. 3. Optical scans of 9-day-old chondrocyte pellet cultures cultivated either automatically or manually. Although manually handled pellets
partly detached from the bottom (A), automatically cultivated chondrocyte pellets did not show any damage or detachment from the well bottom (B).
FIG. 4. Histological and immunohistochemical staining of 14-day-old chondrocyte pellet cultures cultivated either automatically (A-D) or man-
ually (E, F). (A, E) Alcian blue staining of proteoglycans. (B, F) Immunostaining for collagen type II. (C, G) Immunostaining for collagen type
I. (D, H) Immunoglobulin G (IgG)–negative control. Both automated and manual cultivation led to strong staining of cartilage-specific proteo-
glycans and collagen type II and only slight staining of collagen type I. The IgG-negative controls remained unstained.
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regarding their accuracy, reproducibility, consistency, and required
handling time. Although both methods resulted in a seeded cell
number per well less than the adjusted cell concentration, manual
seeding appeared to be more accurate than automated cell seeding.
With 78%, it showed a cell concentration closer to the seeded stock
solution compared to the CyBi™-Disk workstation, which reached
only 69% of the adjusted cell concentration. In addition, although
the standard deviation of the cell concentration between the single
wells of the 96-well microplate was lower after automatic seeding,
calculation of the CV revealed that manual handling achieved a
slightly better assay consistency. A homogeneous cell distribution
over the plate is the basis for a homogeneous ECM formation and
is essential to ensure equal test conditions for all pellets in the
plate. However, the slightly lower consistency in automatic seed-
ing can still be compensated for by savings in handling time and
labor as well as the higher throughput. Moreover, the accurate cell-
seeding number and volume can still be improved by optimizing
the seeding procedure for the CyBi™-Disk workstation and by
adjusting the pipetting volume.
A further criterion for evaluation of the cell-seeding process is
the handling time. To develop an assay for high-throughput
screening (HTS), the handling time has to be minimized. This is
accomplished by automated seeding, which saves 28% of the
handling time compared with manual handling. In addition, the
manual cell-seeding process comprises a higher intensity of labor
because of permanent handling, whereas automated cell seeding
requires only setting up of the workstation with the 96-well
microplates. Manual handling also generates a higher variability
because of differences between individuals.
Automated pellet cultivation
To ensure a high reproducibility for the test system by forma-
tion of homogeneous cartilage pellets, it is important to minimize
shear forces in the wells during media exchange. In the first 4
days of cultivation, the pellets are very fragile because the carti-
lage ECM that provides the mechanical strength of the pellets still
has to be built up. Higher shear forces especially during this
period can lead to an inhomogeneous distribution of the chondro-
cytes, damage of the pellets, detachment, and even convolving of
the pellets. Detached or damaged pellets cannot be used for fur-
ther co-cultivation because a homogeneous distribution of the
synovial component cannot be ensured. Optical scanning of pel-
let cultures revealed that manual cultivation could damage the
fragile pellets due to high shear forces. This led to a failure rate of
18%. The workstation provides a slow and constant media
exchange with a flow velocity that was 4 times lower compared
with manual handling. The low shear forces generated by this
steady pipetting process supported a homogeneous development
of the cultures, preventing any damage of the fragile pellets. It
also has been shown that mechanical stimulation can alter the
chondrocyte metabolism but with controversial results. Several
FIG. 5. Histological and immunohistological staining of 28-day-old chondrocyte pellets co-cultivated with either HSE cells (A-C) or K4IM
cells (D-F). All cultures were cultivated automatically. (A, D) Alcian blue staining of proteoglycans. (B, E) Immunostaining for human leukocyte
antigen (HLA)–ABC surface antigens. (C, E) Immunoglobulin G–negative control. HLA-positive cells, indicated by a red color, could be detected
as a layer on top of the chondrocyte pellets, which could already be observed in Alcian blue staining with nuclear fast red counterstaining.
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groups have shown that hydrostatic pressure applied on chondro-
cytes increased the expression of cartilage ECM proteins such as
proteoglycans and collagen type II, whereas shear stress resulted
in a decrease of such molecules.22-24 Waldman et al25 observed an
increase in collagen and proteoglycan synthesis by applying low
amplitudes of cyclic shear strain, whereas increasing amplitudes
again inhibited synthesis of these proteins. Because the shear
forces on automatically treated pellets are smaller than on manu-
ally handled pellets, this gives a potential explanation for the
slightly better preservation of the hyaline cartilage phenotype
seen in the expression analysis.
For further characterization of the pellets, their matrix compo-
sition was analyzed by histology and immunohistochemistry.
Alcian blue stains acidic proteoglycans in the pellets, which are
the second main component of hyaline cartilage, and therefore
allows analysis of cell distribution as well as ECM develop-
ment during the cultivation. Besides the strong expression 
of proteoglycans, also the spherical round phenotype of the 
chondrocytes could be preserved in both automatically and man-
ually cultivated pellets. Because the process of chondrocyte dedif-
ferentiation is often accompanied by morphological changes to a
fibroblast-like phenotype,4,26,27 it can be assumed that the chondro-
cytes maintained their differentiated state. In addition, immuno-
histochemical staining for the dedifferentiation marker collagen
type I and the specific cartilage marker collagen type II were per-
formed to further analyze the composition of the ECM formed by
the primary chondrocytes. Collagens are the main components of
articular cartilage, with collagen type II accounting for about 90%
to 95%.28 Both automated and manual media exchange led to for-
mation of collagen type II and only a slight secretion of collagen
type I. A difference between both handling methods could be seen
only in the pellet margins. Whereas automated cultivation
revealed a stronger collagen type II staining in the pellet margins,
manual media exchange led to a higher content of collagen type I
in this area. Thus, it could be concluded that a hyaline-like carti-
lage ECM was formed by both manual and automated cultivation.
FIG. 6. Gene expression analysis of chondrogenic marker genes in porcine high-density pellet cultures cultivated either automatically or man-
ually for 14 days. The mRNA expression of the cartilage matrix genes collagen type I and II, aggrecan, and cartilage oligomeric matrix protein
(COMP) was calculated as a percentage of the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and normalized with the
expression of day 1 of the cultivation. Plotting of the gene expression reveals regulation of the genes in comparison to the start of the cultivation.
This cartilage quality conforms to the results found for engineered
cartilage from other groups.8,29
Moreover, histological analysis of co-cultures with HSE cells
showed formation of irregular cell multilayers and partial inva-
sion of the cartilage underneath. This met expectations because
HSE cells have a higher proliferation rate than K4IM cells (data
not shown) and thus are more likely to form multilayers by exten-
sive growth. Furthermore, it has been reported that RA-SFs are in
an activated state, showing features such as stimulation of prolif-
eration, loss of contact inhibition, and oncogene activation.20,30 As
a negative control, all pellets were also co-cultivated with the
K4IM cell line, which was originally derived from a healthy
donor. These cells showed no invasive behavior and formed
smooth monolayers on top of all cartilage pellets. To ensure that
the cell layers on top of the pellets were formed by SFs and not
by chondrocytes, immunohistochemistry for the human HLA-
ABC surface marker was used. As expected, it could be shown
that the human SFs formed the distinct layer on top of the carti-
lage pellets, whereas the pellets derived from porcine tissue were
not stained at all. This has also been shown for pannus cultures in
48-well microplates.12,19
The effect of automated cultivation in comparison to manual
handling was also investigated by studying the gene expression of
important cartilage marker genes using real-time PCR. All values
were normalized by the gene expression level of the housekeeping
gene GAPDH, which is constitutively expressed.31 Both cultiva-
tion methods led to a slight but not pronounced upregulation of
collagen type II expression in the first 3 days of cultivation, fol-
lowed by downregulation. The slight increase in collagen type II
expression might be related to an initial impulse to compensate for
the loss of ECM after digestion.32 Loss of collagen type II expres-
sion can be explained by beginning dedifferentiation of the chon-
drocytes. This fact is supported by the kinetics of collagen type I
expression, which is strongly upregulated after 3 days of cultiva-
tion. However, by day 14, automated media exchange resulted in
an expression level of collagen type II that is 3 times higher than
the manual media exchange, thus showing a better preservation of
the hyaline-specific phenotype. Interestingly, Kolettas and others33
showed that dedifferentiation is marked by the loss of ECM mark-
ers such as collagen type II rather than by additional expression of
nonspecific molecules such as collagen type I. Besides the colla-
gens, one of the most important proteoglycans, aggrecan, was ana-
lyzed as well. Automated media exchange resulted in an
expression after 2 weeks that was 2 times higher than with manual
cultivation. The expression of COMP, one of the major noncol-
lagenous proteins in cartilage, revealed no significant difference
between automated and manual handling after 2 weeks of cultiva-
tion. Thus, a comparison of the differentiation level in automati-
cally and manually cultivated pellets revealed that with both
methods, the hyaline-specific cartilage markers collagen type II,
aggrecan, and COMP are expressed but downregulated during the
2 weeks of cultivation, whereas collagen type I was upregulated.
Although the cartilage-specific markers were downregulated, the
development of the expression of these markers met expectations
because similar results for in vitro engineered cartilage have been
reported by others.12,32 Nevertheless, automated media exchange
led to the same or higher mRNA expression level of all cartilage-
specific markers, showing that automated cultivation preserves the
chondrocyte differentiation level to a greater extent than manual
cultivation does.
In summary, the results show that an automated processing of
the 3-D pannus model not only preserves the functionality of the
test system but also slightly improves the cartilage quality of the
pellet culture. In addition, lowering the shear forces and flow veloc-
ities avoids damaging the fragile pellets and ensures constant and
reproducible test conditions during the cultivation. Moreover, han-
dling time and labor intensity are strongly reduced, which enables
a higher testing frequency. Thus, automated processing offers the
possibility to apply the 3-D pannus model as a high-throughput in
vitro test system for antirheumatic substances as a transitional step
between 2-D cell-based HTS assays and clinical studies.
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